INTRODUCTION
The UCSC Genome Browser (1)(2), which was developed in conjunction with the assembly and publication of the first Human Draft Genome (3), has become a popular website for biomedical communities around the world. The number of its annotation data sets, or tracks, continues to grow each year.
During the earlier stage of Genome Browser development, there were only a few annotation tracks in its Genes and Gene Prediction section. The section included a few gene prediction tracks and a RefSeq Gene track, each having its own limitations. Different gene prediction programs often produce different results. The NCBI RefSeq (4) offers a high quality gene set, but because it is produced by an extensive manual curation process, it has limitations on its coverage and timeliness of availability. Additionally, direct links between RefSeq genes and Swiss-Prot proteins were not available. Hence we decided to develop an automated process to construct the UCSC Known Genes data set based on the latest protein data from Swiss-Prot/TrEMBL (5), now also known as UniProt, and the associated mRNA data from GenBank (6).
While there are various different definitions of what constitutes a gene, we chose to limit our gene set to protein coding genes and require each gene be substantiated by at least a transcript (either a GenBank mRNA or a NCBI RefSeq) and a UniProt protein. We relied upon UniProt's comprehensive cross-references between the proteins and their associated GenBank mRNAs to build our initial candidate gene set. Alternative splicing isoforms are included as different entries, as long as they are represented by a UniProt protein and a transcript. The initial candidate gene set is further ranked and processed to select the best representative protein/mRNA for each gene and duplicates with identical CDS structure removed.
The result of this effort is the UCSC Known Genes; a comprehensive gene set based mostly upon experimental data. The set can be built automatically in a relatively short time. Since its first introduction in early 2003, UCSC Known Genes are now available for several assembly releases of three major genomes, human, mouse, and rat. As shown in Figure 1 , the UCSC Known Genes data set has also become a central foundation for key genomic and proteomic applications, such as the UCSC Genome Browser, Proteome Browser (7), Gene Sorter (8) , and Table Browser (9) , offered at the UCSC bioinformatics web site, genome.ucsc.edu. Extensive cross-reference links to other gene-related data available on the web are also compiled and presented for each Known Gene.
Since the start of our effort, several other gene sets besides RefSeq from NCBI have become available: Ensembl Genes from EMBL-EBM, H-Invitational Gene Database (HInv-DB) of JBIRC, and CCDS (the Consensus Coding DNA Sequence) from EBI, NCBI, UCSC, and WTSI. We present comparison between UCSC Known Genes and other gene sets in the ANALYSIS section.
METHODS
Raw protein data files are downloaded from UniProt and parsed to create a set of structured relational database tables. Across-reference table between protein IDs and GenBank mRNA IDs is created from this UniProt data. The existing GenBank mRNA sequences are aligned with their corresponding proteins using BLAT to select the best representative mRNAs for each protein. The resulting protein-mRNA pairs with their mRNA genomic alignments and CDS structures are sorted and filtered to remove redundancy and invalid short sequences. Finally, RefSeq genes having only DNA evidence, which escaped the above process, are added to form the final results as the UCSC Known Genes. More details of this process are described in this section.
A high-level flowchart of the UCSC Known Genes build process is shown in Figure-2 . The process consists of the following four sub-processes, as depicted in different colors:
• build protein databases (green)
• get mRNA alignments (red) • select and prune known genes (blue) • add DNA-based RefSeq (magenta)
Protein Databases Construction
The Swiss-Prot and TrEMBL database flat files are downloaded from UniProt at ftp://us.expasy.org/databases/uniprot/knowledgebase/. These files are parsed into 29 relational tables into the database, swissProt.
Two cross-reference tables, spXref2 and spXref3, are created from the SwissProt/TrEMBL data. The spXref2 table contains rows of the accession and display IDs of proteins and their external reference databases and the accession numbers of the external database entries. The spXref3 table contains rows of accession and display IDs of proteins, their descriptions, division numbers, and HUGO gene symbols and gene descriptions if available.
In addition to Swiss-Prot/TrEMBL and HUGO data, cross-reference data to other protein databases, e.g. InterPro, Superfamily, NCBI Taxonomy, pFam, and Ensembl are also built to support the Known Genes data set construction, and un-time to support in the UCSC Genome Browser, Proteome Browser, Gene Sorter, and Table Browser.
mRNA Alignments
The UCSC Genome Browser has a collection of MySQL genome databases, one for each genome release. For example, hg17 is the genomic database for the May 2004 Human Assembly. The mRNA and RefSeq data in those databases are updated nightly by importing data from GenBank (10) and then aligned to the base genomes using BLAT (11) .
At the beginning of the Known Genes build process, a snapshot of all the mRNA alignments of a genome is filtered to select mRNAs that satisfy a more stringent criterion, i.e. to have at least 40% of its sequence aligned with the genome and having at least 97% sequence identity. For hg17, the filter process removes 14,148 mRNA alignments. These filtered mRNA alignments constitute the initial candidates for UCSC Known Genes. They are converted to genePred format to become UCSC Genome Browser gene tracks. Each Swiss-Prot/TrEMBL protein may cross-reference multiple mRNAs as its supporting evidence. We tried to pick the best mRNA among all those referenced as the representative mRNA and designate it as a Known Gene. The protein and mRNA sequences in each protein-mRNA pair are aligned using BLAT and then a composite score is calculated for each protein-mRNA pair using the following formula: score = mRNA length + date in months since Jan. 1970 * 2 -number of mismatches * 50
Selection and Pruning Known Genes
This formula favors longer and newer mRNAs and includes weighted penalty against mismatches of the alignment between the mRNA and base genomes. The relative weights of each term were decided empirically, which seems to work well. We did not conduct a comprehensive search for an optimum combination of the weights.
The mRNA with the highest score is selected as the representative mRNA for the protein. This task is fairly computational intensive because of the number of alignments needed. The UCSC 1000-CPU cluster computer system, KiloKluster, was used to complete this task in about 45 minutes. For hg17, the result list has 46,485 entries.
Reduce redundancy and duplication
Sometimes multiple proteins cross-reference to a single mRNA. For those cases, we keep only one protein to represent the gene and remove the redundant proteins from the Known Genes set.
A sorted list based on the priority (defined below), transcript length, mRNA date, mRNA ID, protein ID and a computer-generated unique alignment ID is pruned by removing duplicates having identical chromosome number, start and ending positions of coding sequence. Short entries, with total mRNA coding sequence length less than 50 nucleotides, and questionable protein-mRNA pairs whose coding sequences cover less than 50% of the corresponding proteins are also removed. For hg17, the resulting table contains 43,597 entries.
Proteins that have corresponding PDB entries are assigned the highest priority. The remaining proteins in Swiss-Prot are then assigned a medium priority. The lowest priority is assigned to TrEMBL entries. This scheme is to ensure that if an mRNA has multiple proteins to choose from, the preference goes to proteins with known 3D structures first, then it would favor Swiss-Prot proteins, which usually have gone through more extensive curation than proteins in TrEMBL.
Add DNA based RefSeqs
During the initial development of the UCSC Known Genes process, we discovered that several hundred RefSeq genes were not covered by the resulting Known Genes data set. Further analysis shows that most of those missing RefSeq genes have only DNA evidence without any mRNA evidence. These escaped inclusion due to the fact that the initial candidates in our process include only mRNA alignments. RefSeq genes without supporting mRNA evidence are added to the set of UCSC Known Genes for completeness. For hg17, there are 741 RefSeq genes without supporting mRNA evidence.
Final Loading to Genome Database
The finished set of UCSC Known Genes for hg17 has 44,338 entries. 
CROSS REFERENCES TO OTHER DATA
The UCSC Known Genes have been used as the underpinning base for many other programs and database tables at the UCSC website. Four major cross-reference tables are described here and many more can be found in the database schema specification file, all.joiner. 
kgAlias, kgProtAlias, and kgSpAlias
Genes and proteins are often referred to by different names, symbols, and IDs. To facilitate the various cross-reference and searching needs of many of our own programs and requests from users, we created three comprehensive alias tables, kgAlias, kgProtAlias, and kgSpAlias.
The kgAlias table contains just two columns, the Known Gene ID and gene alias. Each Known Gene, may have multiple aliases, such as HUGO gene symbol, alternate names, and also withdrawn gene names, with the understanding that some users probably still refer to their favorite genes by their old names. The IDs and gene symbol of the RefSeq entries referred to by Known Genes are also added as part of the aliases. Finally, all gene names associated with a Known Gene protein found in Swiss-Prot/TrEMBL are added as gene aliases as well. Each Known Gene-alias pair forms a separate row in the table. Figure 4-1 
Other Known Genes Related Cross-Reference Tables
In addition to the four cross-reference tables described above, there are a few dozen additional cross-reference tables that are directly related to Known Genes. These tables are used by the hgGene program, which produces the Known Gene Details page, and the UCSC Gene Sorter program. Most of these tables are built as part of the Gene Sorter build process. Figure 4 -2 shows a conceptual entity relationship diagram of the data contained in many database tables related to UCSC Known Genes. A complete list of these tables can be found in the schema specification file, all.joiner, or via the UCSC Table Browser . For example, clicking the "Filter" button of the UCSC Table Browser shows the following list of 46 tables that are cross linked to UCSC Known Genes: The definition of each table can be found in individual .sql files at our download server (see the "DOWNLOADING SOURCE CODE AND DATA" section for details).
UCSC KNOWN GENE DETAILS PAGE
Besides being displayed as one of the major tracks in the Genome Browser main display, each UCSC Known Gene also has an accompanying details page. This details page contains rich and comprehensive information about the chosen gene together with extensive links to other additional web resources. Major sections of this page are shown in Figures 5-1 to 5-4.
At the top of the details page, Figure 5 -1, the gene symbol and its description are shown, followed by the representative mRNA and the protein ID. If a corresponding RefSeq entry exists for this gene, the RefSeq summary is also shown. Additional links to other sections of the details page are also shown.
A Quick Links section contains links to the following: A microarray expression section, Figure 5 -2, shows the absolute and relative expression levels of RNAs in various tissues using several different microarrays, for example, the GNF Gene Expression Atlas 2 data provided by the Genomics Institute of the Novartis Research Foundation (GNF), which contain two replicates each of 79 human tissues run over Affymetrix microarrays (U133A and GNF1H). As is standard with microarray data red indicates over expression in the tissue, and green indicates under expression.
The protein domain and structure information section, Figure 5 -3, shows links to InterPro and Pfam for further domain information. If there are known or predicted 3-D structures, small picture stamps of the structures are shown. Clicking on them will bring the user to PDB (13) or ModBase (14) for more detailed protein structural information.
As shown in Figure 5 -4, a Homolog section contains links to other genomes if homologs are found (determined by best protein sequence match using BLASTP). A Gene Ontology section lists the molecular function, biological process, and cellular component information about this gene based on data from the Gene Ontology (GO) (15) database. An associated mRNA section lists all mRNAs that overlap with the Known Gene for at least 12 bases. A Pathway section shows links to three major pathway databases, KEGG, NCI/BioCarta, and BioCyc where available. Finally a section at the end presents a link for the user to learn more about the UCSC Known Genes.
DOWNLOADING SOURCE CODE AND DATA
The UCSC Genome Browser, Proteome Browser, Gene Sorter, and Table Browser are all CGI-based web applications written in C and supported by MySQL databases. The entire source code of these programs and many other utilities are available at http://hgdownload.cse.ucsc.edu/admin/jksrc.zip, which are free are free for academic, government, and non-profit organizations but a license is required for commercial use.
The shell script, KGprocess.sh, which was used to automatically generate the knownGene table and many other associated tables, can be found in the source tree directory src/hg/protein/. The processes to produce other downstream database tables used by the Gene Sorter and Proteome Browser are documented in various files, e.g. makeHg17.doc, makeMm5.doc, and makeRn3.doc. These documents are found in the source directory src/hg/makeDb/.
All the table definitions and actual data of genomic and proteomic databases used by the major applications mentioned above can be downloaded at http://hgdownload.cse.ucsc.edu/downloads.html.
ANALYSIS
The genomic coverage of UCSC Known Genes is compared with other gene sets using the featureBits analysis utility. As shown in Table 1 We are pleased to see that our automated process could capture close to 95% of genomic bases of human RefSeq genes. We also noticed the significant difference between UCSC Known Genes and the H-Invitational Genes. Using the 
FUTURE DIRECTIONS
The coverage of the UCSC Known Genes data set could be further extended. We would like to develop additional processing steps to accomplish this. For example, we could include the large number of Swiss-Prot/TrEMBL proteins, which do not have supporting mRNA evidence listed under the external cross-reference section, as Known Genes candidates. Likewise, we would also like to consider including the full-length cDNAs in other sources, for example H-Invitational and MGC, which are not covered by the SwissProt/TrEMBL external cross-references as part of our initial gene candidates dataset.
We would also like to implement additional selection criteria to mimic expert curators' thought processes to eliminate false positives or redundant data to increase the quality of the resulting data set.
Although the build time, about a day, of the UCSC Known Genes for a genome is relatively short because of process automation and utilization of the UCSC Kilo Kluster, the Known Genes are not updated as frequently as we would like to due to practical resource constraints and time needed to update and QA the associated downstream annotation data. Nevertheless, we would like to further automate the processing steps of those downstream annotation data so that we can update the UCSC Known Genes and the associated downstream annotations more frequently.
CONTACTING US
The mailing list genome@cse.ucsc.edu provides a forum for questions and discussion about the UCSC Genome Browser, Proteome Browser, To report problems accessing the website, servers, or mirror sites, or for correspondence inappropriate for the public forum, send email to genome-www@cse.ucsc.edu. Figure 1 . The UCSC Known Genes data set serves as a foundation for many key programs, e.g. Genome Browser, Gene Sorter, Proteome Browser, and Table Browser , at the UCSC web site. It also has extensive cross-references to other databases like GenBank/NCBI, Swiss-Prot/TrEMBL, KEGG, BioCyc, and many others. 
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